Exercise provides numerous salutary effects, but our understanding of how these occur is limited. To gain a clearer picture of exercise-induced metabolic responses, we have developed comprehensive plasma metabolite signatures by using mass spectrometry to measure >200 metabolites before and after exercise. We identified plasma indicators of glycogenolysis (glucose-6-phosphate), tricarboxylic acid cycle span 2 expansion (succinate, malate, and fumarate), and lipolysis (glycerol), as well as modulators of insulin sensitivity (niacinamide) and fatty acid oxidation (pantothenic acid). Metabolites that were highly correlated with fitness parameters were found in subjects undergoing acute exercise testing and marathon running and in 302 subjects from a longitudinal cohort study. Exercise-induced increases in glycerol were strongly related to fitness levels in normal individuals and were attenuated in subjects with myocardial ischemia. A combination of metabolites that increased in plasma in response to exercise (glycerol, niacinamide, glucose-6-phosphate, pantothenate, and succinate) up-regulated the expression of nur77, a transcriptional regulator of glucose utilization and lipid metabolism genes in skeletal muscle in vitro. Plasma metabolic profiles obtained during exercise provide signatures of exercise performance and cardiovascular disease susceptibility, in addition to highlighting molecular pathways that may modulate the salutary effects of exercise.
INTRODUCTION
Exercise can confer cardiovascular protection (1, 2), unmask occult organ dysfunction (3) , and predict disease prognosis (4, 5) , but how and why these effects occur are not entirely clear. An understanding of exercise-induced metabolic changes can begin to elucidate these issues. Samples of blood and more invasive biopsies of skeletal muscle from humans and animals during exercise have revealed changes in several subsets of metabolites (6) (7) (8) (9) (10) . High-intensity exercise increases the concentrations of lactate (6) and products of adenine nucleotide catabolism (11) in skeletal muscle and plasma, reflecting heightened anaerobic metabolism and adenosine triphosphate turnover, respectively. In skeletal muscle, acute exercise causes changes in amino acid concentrations, including a modest uptake of glutamate and release of glutamine and alanine to promote ammonia metabolism (8) , with resultant changes in plasma concentrations of these metabolites (7, 10) .
Less is known about effects of exercise on the relative intramuscular and plasma concentrations of other classes of metabolites. For example, skeletal muscle biopsies have demonstrated rapid expansion of span 2 tricarboxylic acid (TCA) cycle intermediates in response to exercise (9, 12) , which augments aerobic energy production in cardiac and skeletal muscle (7, 13, 14) . Similarly, glycogenolysis and lipolysis increase in skeletal muscle and adipose tissue, mobilizing substrates for oxidative phosphorylation (15) . However, the extent to which these tissue changes in substrate utilization can be detected in plasma in response to exercise and whether they reflect fitness or disease status remain poorly characterized.
Emerging metabolite profiling technologies have enhanced the feasibility of acquiring high-throughput "snapshots" of the metabolic status of a whole organism (16) (17) (18) (19) . In addition to serving as potential biomarker signatures of disease states (20) , circulating metabolites may themselves have unanticipated roles as regulatory signals with hormone-like functions (21, 22) . The objective of this study was to obtain a systematic view of the metabolic response to exercise by simultaneously assaying a large and diverse set of known metabolites. We developed a targeted liquid chromatography-mass spectrometry (LC-MS)-based metabolomics platform with high analyte specificity (23, 24) and applied it to serial blood samples obtained before and after exercise so that each individual could serve as his or her own control. We defined the magnitude, kinetics, and interrelatedness of plasma metabolic changes in response to acute exercise and their relation to changes elicited by prolonged (marathon-running) exercise. We then tested whether metabolites altered in response to exercise were correlated with a key fitness-related parameter in a prospective cohort. Finally, we examined whether metabolites that changed during exercise can modulate the expression of transcriptional regulators of metabolism in cell culture and animal models. Table 2 . Metabolite changes in plasma at the peak exercise time point. Metabolites with P < 0.005 in the derivation cohort are shown. Metabolites with identical retention times and parent-daughter ion pairs (for example, isoleucine and leucine) cannot be distinguished by the platform.
Metabolite
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RESULTS
We first performed metabolic profiling in subjects referred for exercise treadmill testing (ETT) who had normal exercise capacity and no evidence of myocardial ischemia (Table 1) . We obtained peripheral blood samples from subjects at baseline, peak exercise (~10 min, at conclusion of exercise), and 60 min after completion of ETT to characterize the alterations associated with acute maximum exercise. Because unintentional overfitting of data is a concern in biomarker discovery studies (25) , we studied metabolic changes in two independent groups of subjects [that is, a derivation cohort (n = 45) and a validation cohort (n = 25)]. There were no significant clinical differences between subjects in the ETT derivation and validation cohorts (Table 1) . Twentythree metabolites changed significantly (nominal P < 0.005) at the peak exercise time point in the derivation cohort (Table 2 and Fig. 1) , with an estimated false discovery rate of <5% or~1 of the 23 metabolites that changed (see Materials and Methods). In the validation cohort, significant changes were noted for 21 of the 23 metabolites. For the overall group of metabolites in Table 2 , the magnitude of change in individual metabolites in the two cohorts was highly correlated (r = 0.99; P < 0.0001) (table S1 provides additional data on metabolite changes in the combined cohorts). The observed changes in plasma metabolites immediately after cessation of exercise, which occurred~10 min after baseline sampling, reflect rapid up-regulation of several metabolic pathways responsible for skeletal muscle substrate utilization (Fig. 2, top panel) . The metabolite profiling platform captured previously reported increases in plasma concentrations of glycolysis products (lactate and pyruvate), lipolysis products (glycerol), and amino acids (alanine and glutamine). Plasma concentrations of the ketone body acetoacetate fell in response to acute exercise, as described (26) .
Our broad metabolomics approach enabled detection of coordinate changes in multiple components of various metabolic pathways. We documented increases in sequential products of adenine nucleotide catabolism [adenosine monophosphate (AMP), inosine, hypoxanthine, and xanthine], including phosphorylated metabolites that are usually confined to intracellular compartments (Fig. 3A) . We observed particularly prominent changes in sequential span 2 TCA cycle intermediates (Table 2 and Fig. 3B) . Notably, the changes in individual TCA cycle intermediates in plasma closely mirrored previously reported changes in skeletal muscle obtained from invasive intramuscular biopsies taken during exercise testing (9) .
We also detected plasma metabolic changes in pathways not previously associated with exercise. For example, niacinamide, which enhances insulin release and improves glycemic control (27, 28) , increased by 79% [interquartile range (IQR), 42 to 182%]. We observed heterogeneity in niacinamide elevation in response to exercise, in that leaner individuals [subjects with body mass index (BMI) less than the median value of 28] had an increase in niacinamide in response to exercise that was more than double the increase seen in individuals with BMI above the median [102% (IQR, −1 to 117%) versus 41% (IQR −7 to 80%), respectively; P = 0.04]. Concentrations of allantoin, a product of uric acid oxidation that has been implicated as an indicator of oxidative stress (29) , fell after acute exercise. Finally, plasma concentrations of glycogenolysis intermediates (3-phosphoglycerate and glucose-6-phosphate) increased with ETT. Hierarchical clustering of metabolites to determine the interrelatedness of metabolic changes with exercise is displayed in fig. S2 .
Although previous studies have documented that heart rate and hemodynamic parameters rapidly return to baseline after acute exercise (30, 31), we observed metabolic changes that persisted 60 min after the cessation of exercise ( Table 3 ). Metabolites that were changed only at the 60-min time point included TCA cycle intermediates (citrateisocitrate and aconitate), a homocysteine metabolism pathway intermediate (methionine), and two adenine nucleotide degradation products (xanthosine and uric acid). Other metabolites that were changed only at the 60-min time point included uridine, a pyrimidine nucleoside, and the amino acid ornithine. Adenine nucleotides concordantly increased incrementally at 60 min compared to the peak exercise time point (Fig. 3A) , whereas span 2 TCA intermediates decreased in a concerted fashion (Fig. 3B) .
Localization of metabolic changes through multisite blood sampling We performed metabolic profiling on eight subjects who underwent comprehensive cardiopulmonary exercise testing (CPET), which included bicycle ergometry with invasive hemodynamic monitoring and multisite blood sampling, to assess the cause of shortness of breath upon exertion. The CPET subjects showed normal exercise responses, although estimated peak oxygen uptake (VO 2 ) values were lower in the CPET cohort than in the ETT cohort (Table 1) , commensurate with the smaller metabolic demand imposed by bicycle Fig. 1 . Relative changes in metabolites in response to exercise. Heat maps show changes in metabolites compared to baseline at the peak exercise time point (left) and at 60 min after exercise (right). Shades of red and green represent fold increase and fold decrease of a metabolite, respectively, relative to baseline metabolite concentrations (see color scale). Three distinct plasma samples are represented: peripheral plasma from the ETT cohort, PA plasma from subjects undergoing CPET, and SVC plasma from subjects undergoing CPET.
ergometry CPET than by treadmill ETT (32). We compared samples from the superior vena cava (SVC), which contains blood from the nonexercising upper body, with samples from the pulmonary artery (PA), which reflects the venous effluent from the exercising lower extremity skeletal muscle as well as cardiac muscle. Previous studies suggest that there is a 50% contribution of inferior vena cava (IVC) blood at rest while upright on a bicycle and a 73% contribution during bicycle ergometry exercise (33) . Thus, we could assess instantaneous metabolite gradients in distinct vascular beds and so localize the site of metabolic changes. Analysis of bicycle ergometry also allowed us to test whether our findings from treadmill ETT could be generalized to other exercise modalities.
Cycle ergometry exercise yielded very similar metabolic changes to those observed with treadmill ergometry (Fig. 1, heat map, and Fig.  3 ). At peak exercise, most metabolites showed significantly larger changes in PA plasma than in SVC plasma, implicating a subdiaphragmatic skeletal muscle or cardiac source of these metabolic changes, likely from the exercising lower limbs. As expected, steep instantaneous PA-to-SVC gradients were evident for the purine degradation products (DPA/DSVC ratio range, 2.2 to 9.0; Fig. 3A ) and span 2 TCA cycle intermediates (DPA/DSVC ratio range, 1.7 to 2.3; Fig. 3B ). By contrast, a subset of metabolites that were significantly changed in both the ETT and the CPET cohorts, including several amino acids, acetoacetate, and glucose-6-phosphate, was similarly changed in the SVC and PA samples. This may be due to endocrine-like signaling effects from the exercising muscle (34) . At 60 min after exercise, significant instantaneous PA-to-SVC gradients were no longer present for any of the metabolite classes.
Relation between metabolic changes and fitness in ETT
We next examined whether exercise-induced excursions of metabolites that were confirmed in both the ETT derivation and the validation cohorts, either at peak exercise or 60 min (n = 28 metabolites total), were correlated with exercise performance. For these analyses, we divided the ETT cohort of individuals with overall normal exercise capacity into two groups on the basis of median percent predicted peak oxygen uptake (%pVO 2 ). The more and less fit subgroups did not differ with regard to age (58 ± 11 versus 59 ± 14 years), sex (94% versus 86% male), weight (193 ± 35 versus 194 ± 31 lbs), or the product of heart rate and systolic blood pressure achieved (27,500 ± 4770 versus 26,750 ± 6900 mmHg/min), respectively (P > 0.05 for all comparisons). At peak exercise, glycerol increased to a greater extent in the group of individuals who achieved higher %pVO 2 (98%; IQR, 38 to 143%) compared to individuals who achieved lower %pVO 2 (48%; IQR, 24 to 69%; P < 0.005; Fig. 4 ), suggesting that more fit individuals have a greater capacity for lipolysis in response to acute exercise. The magnitude of the changes in glycerol was most closely related to %pVO 2 (r = 0.54; P < 0.001). We further investigated glycerol excursions in a distinct cohort of subjects with and without exercise-induced myocardial ischemia, with no differences in exercise exposure or cardiac risk factors, including age, sex, BMI, or diabetes status (see table S2 ). Exercise-induced increases in plasma glycerol concentrations were significantly smaller in subjects with inducible ischemia than in controls [18% (IQR, −10 to 79%) versus 66% (IQR, 24 to 109%) in controls; P = 0.0015]. The evidence for reduced exercise-induced lipolysis in the ischemic and less fit cohorts, as indicated by the smaller elevations in glycerol, may be indicative of maladaptive responses to exercise in which lipid utilization is impaired.
Pantothenate also increased to a greater extent in more fit individuals, whereas methionine excursions were greater in the less fit subgroup (Fig. 4) . Changes in glutamine concentrations were also greater in the less fit group, likely reflecting greater skeletal muscle release of ammonia during exercise. The metabolic changes in each Right: patterns of change of individual metabolites in peripheral plasma from subjects undergoing ETT as well as PA and SVC plasma from subjects undergoing CPET. *P < 0.05 for between-group differences in metabolite levels in PA plasma versus SVC plasma; **P < 0.05 for comparison of PA plasma metabolite levels versus baseline (BL). (B). Enrichment of TCA cycle intermediates in PA blood during exercise. Right: patterns of change in individual TCA cycle intermediates in peripheral plasma from subjects undergoing ETT as well as in PA and SVC plasma from subjects undergoing CPET. *P < 0.05 for betweengroup differences in metabolite levels in PA plasma versus SVC plasma; **P < 0.05 for comparison of PA plasma metabolite levels versus baseline.
of these metabolites persisted 60 min after cessation of exercise (Fig.  4) . By contrast, lactate concentrations did not differ between more and less fit individuals at either peak exercise or 60 min after exercise. Notably, the differential changes in glycerol, pantothenate, glutamine, and methionine between more and less fit subjects persisted after we adjusted for the amount of exercise performed (table S3) .
Relation between metabolic changes and prolonged exercise We acquired metabolic profiles of 25 subjects who ran the 26.2-mile Boston Marathon, with an average time of 247 ± 46 min. As expected, extensive changes in plasma metabolite concentrations were evident at the end of the race as compared to prerace concentrations (Table 4 and Fig. 2) . We documented marked elevations in glycerol (1128%; IQR, 897 to 1315%; P < 0.0001) and b-hydroxybutyrate (401%; IQR, 224 to 1060%; P < 0.0001; Fig. 2 ), consistent with extensive lipolysis and ketone body production, respectively, in subjects who completed the marathon. In contrast to our findings after acute exercise, we saw a reduction in gluconeogenic amino acids (alanine, threonine, serine, proline, valine, histidine, glutamine, and asparagine; Table 4 ) and unexpected increases in tryptophan metabolites (kynurenate, quinolinate, and anthranilate).
To investigate whether the metabolic changes that correlated with fitness after acute exercise also correlated with fitness after prolonged exercise, we stratified marathon runners into two groups on the basis of their finish time above and below the median (240 min (Fig. 5 ). There were nonsignificant trends toward greater increases in both pantothenate [+40% (IQR, 6 to 88%) versus +22% (IQR, −15 to 40%)] and glycerol [+1172% (IQR, 993 to 1469%) versus 986% (IQR, 827 to 1295%)] in the faster marathon group, in the same direction as was observed in acute exercise.
In the marathon runners, other metabolites that changed during acute exercise differed in the faster and slower runners. Faster run- ners had more modest increases in ketone bodies (b-hydroxybutyrate, +362% versus +855%) and in allantoin (+9% versus +28%), a marker of oxidative stress, than did slower runners. Citrulline, which modulates arginine bioavailability for nitric oxide synthesis, showed attenuated reduction in faster runners (−14% versus −41%), whereas argininosuccinate concentrations (+79% versus +25%) and niacinamide (+253% versus +53%) were higher in faster marathon runners (P < 0.05 for all).
Metabolic predictors of fitness in a large prospective cohort We next determined whether baseline plasma concentrations of metabolites that were altered in response to exercise (Table 2) were associated with cardiovascular fitness in an independent cohort of subjects from the Framingham Heart Study (n = 302; see table S3 ). Heart rate is a known independent predictor of exercise capacity (35) that has been directly related to cardiovascular outcomes in the Framingham Heart Study (36) and was measured at the time of blood sampling in this cohort. We specifically evaluated whether the metabolites that were modulated by acute exercise were correlated with resting heart rate in this cohort. Of the acute exercise metabolites, 12 were also measured in a subset of subjects in the Framingham Heart Study cohort (table S5) . Glycerol concentrations were significantly correlated with resting heart rate (r = 0.22; P = 0.0002), whereas glutamine concentrations were inversely related to heart rate (r = −0.21; P = 0.0002). Both of these differences remained significant after adjustment for age, BMI, and gender (table S5) . Subjects in the fourth heart rate quartile had glycerol concentrations that were higher by a factor of 1.44 than those in the first quartile (P = 0.001). Glutamate concentrations in the fourth heart rate quartile tended to be higher by a factor of 1.21 (P = 0.08), whereas glutamine concentrations were lower by a factor of 0.87 (P = 0.03). These data are notable given the greater increase in glycerol and attenuated decrease in glutamine in response to exercise in more fit subjects in the ETT cohort.
Activation of the nur77 pathway by exercise-induced metabolites We further hypothesized that a subset of metabolites that increased in plasma after exercise could also modulate pathways relevant to cellular respiration and substrate utilization. We performed experiments with six exercise-induced metabolites of biological interest, specifically assaying their effects on 11 transcriptional regulators of metabolism in cultured myotubes. We found that a mixture of physiologically relevant concentrations of glycerol, niacinamide, glucose-6-phosphate, pantothenate, and succinate rapidly up-regulates the expression of nr4a1c (or nur77) (Fig. 6A) , a recently described transcriptional regulator of glucose utilization and lipid metabolism genes in skeletal muscle (37, 38) . No individual metabolite triggered a similar response. Consistent with these findings, nur77 expression was induced by a factor of 5 in mouse quadriceps after 30 min of exercise (Fig. 6B) .
DISCUSSION
Metabolomics technologies can be used to systematically define phenotypic patterns of small molecules in blood and urine (23, 24, 39) .
Here, we applied an LC-MS-based platform to characterize the metabolic response to exercise. As expected, we identified changes in metabolites reflecting heightened utilization of fuel substrates in several metabolic pathways, including increased glycolysis (6), lipolysis (15, 26) , adenine nucleotide catabolism (11) , and amino acid catabolism (8) . These data corroborate previous studies examining the metabolic response to exercise, which have typically focused on one metabolite or a discrete set of identified small molecules (40, 41) . By contrast, the breadth of our approach also enabled the identification of previously undescribed metabolic changes in response to exercise, including increases in indicators of glycogenolysis (glucose-6-phosphate and 3-phosphoglycerate) and small molecules that reflect oxidative stress (allantoin) and that modulate insulin sensitivity (niacinamide). The sensitivity of the platform also allowed us to monitor metabolic changes that had been previously documented only by invasive skeletal muscle sampling during exercise. Rigorous clinical phenotyping further enabled us to link distinct metabolic excursions with key clinical parameters, including exercise performance, myocardial ischemia, and resting heart rate. Finally, we found that a mixture of exercise-induced metabolites rapidly triggered expression of the transcription factor nur77, which controls glucose and lipid metabolism in skeletal muscle.
Plasma metabolic profiles reflect intracellular metabolism
Our method detected metabolites in plasma typically thought to be confined to intracellular compartments because of their phosphorylation state or site of bioactivity (9, 12) . Although intracellular TCA cycle and adenine nucleotide changes in muscle during exercise are well characterized (9, 11, 13), our high-sensitivity LC-MS platform allowed us to examine whether these changes occurred in plasma in a fitness-dependent way. Indeed, the exercise-induced changes in plasma concentrations of TCA cycle intermediates that we measured were similar to those reported in skeletal muscle after a similar amount of exercise (9) . Specifically, there were increases in individual TCA cycle span 2 constituents (factor of 2 to 4 increases for fumarate, malate, and succinate), with more modest increases in citrate-isocitrate, and no change in a-ketoglutarate (9, 12) . Similarly, we found plasma signatures of sequential products of purine degradation and intra- Fig. 4 . Fitness levels and differential metabolic changes during ETT. Patterns of metabolite changes in subjects who achieved higher (more fit) (solid line) and lower (less fit) (dashed line) percent predicted peak VO 2 in response to exercise. muscular glycogenolysis, which had previously been documented to change within muscle (11) .
Furthermore, selective catheterization during exercise allowed us to localize metabolic changes. The PA-to-SVC gradients at peak exercise of both purines and TCA intermediaries are consistent with marked release of these small molecules from exercising lower extremity skeletal muscle or cardiac muscle. By contrast, excursions in amino acids, acetoacetate, and glucose-6-phosphate were all induced by exercise but similarly so in the SVC and PA samples. This result suggests that these metabolites reflect coordinated metabolic changes in both exercising and nonexercising tissues, potentially triggered by circulating hormone-like molecules (34) . However, the data from selective catheterization of the SVC and PA cannot rule out rapid modulation of metabolite concentrations by organs such as the liver that would attenuate differences between PA and SVC levels of metabolites.
Performance correlates of metabolic changes
In our studies, the most fit individuals in both the ETT and the marathon cohorts showed greater augmentation of pantothenate and fumarate concentrations than less fit individuals. Pantothenate, which has not been previously associated with acute exercise performance, plays an active role in fatty acid metabolism and facilitates acetylcoenzyme A (CoA) entry into the TCA cycle. Pantothenate deficiency is rare, but when present, it is associated with postural hypotension, increased heart rate, and impaired cardiac pyruvate utilization (42, 43) , which may reflect a reduced capacity to augment cardiac stroke volume for a given workload.
The span 2 TCA intermediary fumarate also increased to a greater extent in the more fit people, that is, those achieving a higher percent predicted peak VO 2 during acute exercise. Furthermore, increases in fumarate and other span 2 TCA intermediates were associated with faster marathon times. It has been suggested that an increase in the total concentration of intramuscular TCA intermediates is necessary to augment and maintain TCA cycle flux during exercise (9, 12) . In our studies, the size of the plasma TCA intermediate pool may serve as a barometer of adequate muscle TCA pool size to maintain oxidative metabolism during prolonged exercise.
We identified previously undescribed exercise-induced increases in plasma concentrations of allantoin and niacinamide. Allantoin is a marker of oxidative stress generated in humans by nonenzymatic oxidation of uric acid by reactive oxygen species (44, 45) . Allantoin concentrations increased to a greater extent in less fit individuals compared to more fit individuals during prolonged exercise, indicating attenuated oxidative stress associated with fitness. Niacinamide is an amide of niacin that participates in intracellular respiration to oxidize fuel substrates. Niacinamide regulates insulin sensitivity, and studies in small cohorts suggest that niacinamide may promote glycemic control in early-stage diabetes (27, 28) . Thus, the persistent increases in niacinamide after brief exercise, which were more marked in lean individuals, and the greater increase in niacinamide among faster marathon runners, provide a possible link between acute and chronic insulinsensitizing effects of exercise.
Fatty acids and lipids are preferred substrates for exercising muscle. Fatty acids can undergo reesterification after lipolysis within adipocytes (46) . By contrast, glycerol is irreversibly liberated by lipolysis and is thus a better reporter of lipolysis in plasma (47) . Plasma glycerol has been previously reported to increase in response to resistance exercise (15, 26) , and our data now show a greater increase in glycerol during exercise in more fit individuals than in those who are less fit. The lipolysis pathway is a specific indicator of fitness; alterations in glycolysis and purine metabolites did not differ significantly between more and less fit individuals. In addition, glycerol increased less in subjects with exercise-induced myocardial ischemia when compared to healthy subjects matched for age, sex, and exercise exposure. This result suggests that more fit individuals have a greater capacity to activate lipolysis during physical activity than those who are less fit, and that subjects with ischemic myocardium may shift away from fatty acids as a preferred substrate (48) .
Relation between metabolite concentrations and fitness in a large prospective cohort Resting heart rate is a fitness metric that predicts coronary heart disease outcomes in the Framingham Heart Study and other cohorts (36, 49) . Plasma glycerol concentrations directly correlated with heart rate in the Framingham Heart Study, indicating that higher circulating glycerol concentrations at rest were associated with lower fitness levels. Circulating plasma glycerol originates from lipolysis in adipose tissue (50, 51) . Increased adipose mass and resistance to the antilipolytic effects of insulin may contribute to the basal concentrations of glycerol in less fit individuals, although correction for BMI did not attenuate the relation between heart rate and glycerol. In addition, interindividual variability in b-adrenergic signaling, which modulates lipolysis (52), may contribute to the association between glycerol and heart rate in that heightened basal b-adrenergic signaling may also be associated with increased heart rate. Plasma glycerol measured at rest and after physical activity could potentially serve as a biomarker of fitness. Individuals who can activate lipolysis in response to various forms of exercise may be more likely to remain lean, whereas high glycerol and limited activity-induced lipolysis may be a maladaptive phenotype. This biomarker would be analogous to heart rate itself in that fit individuals demonstrate greater heart rate augmentation with exercise but lower baseline heart rates. Whether plasma concentrations of glycerol or glutamine (which were also associated with heart rate in the Framingham cohort) add predictive cardiovascular outcomes to existing biomarkers requires further study.
Unanticipated role of metabolites in modulating nur77 transcription
To begin to understand whether circulating metabolites may mediate salutary effects of exercise, we hypothesized that metabolites altered by exercise in our study would induce expression of genes involved in regulating skeletal muscle metabolism. Addition of physiologically relevant concentrations of metabolites to differentiated myotubes in cell culture resulted in a rapid factor of 3 induction in the transcription factor nur77, although no single metabolite augmented gene expression. nur77, primarily studied for its role in apoptosis, is also an important metabolic regulator of glucose (37) and lipid metabolism (38) in skeletal muscle. nur77 has also been suggested as a potential therapeutic target for the metabolic syndrome (53) . The expression of nur77 in skeletal muscle is reduced in several models of obesity and type 2 diabetes (ob/ob, db/db, and Zucker Diabetic Fatty rats) and is increased in response to insulin-sensitizing treatments (54) .
Limitations
The sample size of our patient cohort with multisite sampling was limited by the small number of patients who undergo invasive CPET who also have normal exercise capacity and hemodynamics. Nonetheless, the direction and magnitude of the changes accompanying cycle ergometry were highly consistent with those seen in subjects undergoing ETT, thus validating our observed findings across exercise modalities. In addition, our population was relatively homogeneous because we required normal exercise tolerance for inclusion in the study, likely attenuating correlations between metabolite concentrations and fitness levels.
Conclusions
Metabolic profiling in this study provides a comprehensive snapshot of human metabolism at rest and during exercise and provides smallmolecule reporters of fitness. During brief exposure to exercise (~10 min, peak exercise), circulating metabolite concentrations indicate rapid activation of a catabolic program consisting of heightened lipolysis, glycolysis, and glycogenolysis, as well as amino acid and purine catabolism that largely persists for at least 60 min after completion of exercise. This metabolic response is in contrast to the postprandial anabolic state in which insulin suppresses lipolysis and promotes uptake of circulating amino acid and purine metabolites (24) . Overactivation of this anabolic pathway contributes to obesity and insulin resistance (55) . The entire spectrum of exercise-induced metabolic changes may therefore provide a favorable counterbalance to a frequently maladaptive net anabolic physiologic state. The exercise-induced metabolic changes that differentiate more and less fit individuals, in particular, represent attractive candidates as mediators of the salutary effects of exercise. By serially measuring individual metabolites, we found that during exercise more fit individuals activate lipolysis (glycerol), facilitate entry of fatty acids into the TCA cycle (pantothenate), and expand the TCA cycle intermediate pool (fumarate, Fig. 5 . TCA intermediate changes with marathon running. Left: equally weighted sums of absolute concentrations of TCA cycle intermediates (STCAi, in MS arbitrary units) at baseline and on completion of the marathon in groups of faster and slower runners (medians ± IQR). Span 1 TCA cycle intermediates include citrate-isocitrate, aconitic acid, and a-ketoglutarate. Span 2 TCA cycle intermediates include succinate, malate, and fumarate. *P = 0.0001 versus baseline; **P = 0.004 for between-group comparison. Right: relative percent changes (medians ± IQR) in metabolites from spans 1 and 2 that account for observed differences between the two groups of runners. **P = 0.005 for between-group comparison.
malate, and succinate) more robustly than less fit individuals while incurring less oxidative stress (allantoin), attenuated release of a homocysteine precursor (methionine), and greater increases in the insulin-sensitizing smallmolecule niacinamide. Moreover, resting basal concentrations of a subset of metabolites that are altered in a fitness-dependent manner in response to exercise (that is, glutamine and glycerol) are also related to fitness in a large prospective cohort.
The capacity of circulating metabolites altered by exercise to activate a transcription factor that regulates glucose and lipid metabolism offers further mechanistic insight into potential salutary metabolic effects of exercise in humans. Exercise-induced metabolic signals may overcome the suppression of nur77 that has been observed in animal models of obesity and diabetes (53, 54) . Ultimately, a better understanding of exercise-induced metabolic changes might help to identify the salutary effects of exercise in individuals with and without cardiovascular disease and point to targets for therapeutic modulation.
MATERIALS AND METHODS
Study cohorts and study protocol All blood sampling was performed as part of human studies protocols approved by the Institutional Review Board Subcommittee on Human Studies of the Massachusetts General Hospital (MGH). Written informed consent was obtained from all subjects.
For exercise testing protocols, we recruited outpatients referred to the MGH Exercise Laboratory for either diagnostic treadmill ETT (n = 70) or bicycle ergometry CPET (n = 8).
To define the normal metabolic response to maximum exercise, we selected subjects who met the following inclusion criteria: (i) normal exercise tolerance as defined by estimated peak VO 2 greater than 70% predicted (56, 57) , (ii) evident maximum effort on the basis of heart rate response greater than 85% predicted in the absence of b-blockade, and (iii) pre-exercise fasting for at least 4 hours. Exclusion criteria included cessation of exercise by the test supervisor, reversible perfusion defects or electrocardiographic evidence of exercise-induced ischemia, mechanical limitation to exercise, diabetes, or left ventricular ejection fraction <50%.
The myocardial ischemia cohort consisted of subjects with exercise-induced myocardial ischemia (n = 65), as determined by ischemic ST-segment response to exercise (>1-mm horizontal or downsloping ST-segment depression versus none) (58) , and moderate-to-severe reversible myocardial perfusion defects by 99m Tcsestamibi imaging. Control subjects (n = 65) were matched on the basis of age, sex, and exercise duration.
The Standard Bruce Protocol was used for treadmill ETT (59) . CPET was performed by coupling 10 to 25 W/min incremental ramp cycle ergometry with measurement of respiratory gas exchange and continuous hemodynamic monitoring as previously described (60) . Rest and peak heart rate and blood pressure, duration of the stress test, and either estimated (57) or directly measured peak VO 2 were recorded.
For plasma sampling before and after completion of the Boston Marathon, amateur runners scheduled to participate in the Boston Marathon were recruited by open e-mail invitation sent to local running clubs. The initial 25 responders with no history of cardiovascular disease were enrolled in the study. Sample size was limited to enable prompt acquisition of blood samples at the finish line and to avoid subject discomfort related to prolonged delay after a marathon.
Finally, subjects from the Framingham Offspring Study who were initially enrolled in a study of metabolic risk prediction (n = 382), in whom a subset of the metabolites was assayed, were examined. Subjects who were taking nodal agents (that is, b blockers, nondihydropyridine calcium channel blockers, and digoxin) that influence resting heart rate were excluded.
Metabolic profiling analysis
Samples from ETT were obtained from a peripheral venous catheter immediately before initiation of exercise, at peak exercise, and 60 min after completion of exercise. CPET samples were obtained at the same intervals from catheters placed in the SVC and proximal PA. Samples were collected in 5-ml K 2 EDTA-treated tubes (Becton-Dickinson). All blood samples were immediately centrifuged at 1200g for 10 min to pellet cellular elements. The supernatant plasma was then aliquoted and frozen at −80°C to minimize freeze-thaw degradation. For subjects completing the Boston Marathon, peripheral venous plasma samples were obtained within 10 min of marathon completion, immediately centrifuged, placed on ice, and then transferred to −80°C within 120 min.
For metabolite profiling, we incorporated metabolites that were potentially relevant to cardiovascular and metabolic disease and amenable to measurement by LC-MS as previously described (23) . The detailed description of our LC-MS methodology, which was applied in this study, has been previously described (23) and is summarized in the Supplemental Material.
Gene expression profiling experiments
Cell culture. C2C12 cells were differentiated into myotubes for 7 days. Cells were then placed in Hanks' balanced salt solution for 24 hours and treated with the pooled metabolites [succinate (9 mg/ml), pantothenate (6 mg/ml), niacinamide (0.3 mg/ml), glucose-6-phosphate (45 mg/ml), and glycerol (30 mg/ml), to mimic relative plasma concentrations] (61) for 60 min. Cells were washed once in phosphate-buffered saline, and messenger RNA (mRNA) was isolated using a TurboCapture method (Qiagen). RNA was reverse-transcribed, and quantitative polymerase chain reaction (qPCR) was performed, using an ABI 7700HT qPCR machine. Gene expression was normalized to expression of TATA box-binding protein (TBP).
Exercise in mice. Mice were tested by forced running on motordriven treadmills (Columbus Instruments). Mice were first acclimated for 5 min a day for 3 days at a low rate of 14 m/min and 0% incline. On the test day (day 4), the treadmill was set to a constant 10% incline and started at 10 m/min. Every 2 min, the speed was then increased by 2 m/min, and the mice were forced to run to exhaustion. Exhaustion was determined by the unwillingness of mice to keep running on the treadmill despite stimulus by a small electric shock on the stationary platform of the treadmill. Once determined to be exhausted, mice were returned to their cage and, after the indicated times, killed. Quadriceps was removed, and total RNA was isolated using the Trizol method. RNA was reverse-transcribed, and qPCR was performed, using an ABI 7700HT qPCR machine. Expression is normalized to expression of TBP.
Statistical analysis
For clinical characteristics of subjects undergoing exercise in each cohort, continuous variables were compared using Student's t test, and categorical variables were compared with Fisher's exact test. From the 70 subjects from whom peripheral samples were collected in the ETT study, 45 subjects were randomly selected for analysis as a derivation set. The significance of change in metabolite concentrations from pretest to posttest values was assessed by either paired Student's t test or Wilcoxon signed rank test, as appropriate. We used a significance threshold of P < 0.005 in the derivation cohort because this threshold would be expected to yield about one false-positive discovery from 210 analyzed metabolites, assuming independent hypotheses. Conservatively high estimates of false discovery rate were obtained via the Benjamini-Hochberg procedure (62) . The procedure was applied to the set of 210 measured metabolites for the comparisons of peak and post-exercise with baseline, as well as post-marathon with baseline.
Metabolites that changed significantly at peak exercise or at the 60-min time points in the ETT derivation cohort were selected as candidate exercise biomarkers for testing in the ETT validation cohort (25 patients) and the CPET validation cohort (8 patients). Criteria for validation were P < 0.05 by Wilcoxon signed rank test, with the direction of change concordant with that observed in the derivation cohort. The conjoint probability of 0.005 × 0.05 = 2.5 × 10 ). The relation between changes in metabolites in the derivation and validation cohorts was assessed with a Spearman rank correlation coefficient. The marathon cohort was used only as a derivation group (n = 25). For this group, we applied the same significance threshold that was used for the ETT derivation group (P < 0.005).
Further analysis was carried out in the subgroup of eight patients undergoing CPET with simultaneous plasma sampling from the SVC and PA at baseline, peak exercise, and 60 min after exercise to localize metabolite changes. During cycle ergometry lower extremity exercise, there is a disproportionately large contribution of IVC blood (reflecting skeletal muscle venous effluent) compared to SVC blood that constitutes mixed venous blood in the PA. Previously reported relative contributions of IVC and SVC blood flow to overall venous return are 73% and 27%, respectively, during cycle ergometry (33) . Therefore, to identify twofold IVC versus SVC enrichment patterns for metabolic changes, we used criteria consisting of a PA-to-SVC ratio of greater than 1.73:1 (2 × 0.73 + 1 × 0.27) and P < 0.05 by Wilcoxon signed rank test for relative changes in metabolites in the SVC and PA.
Metabolic excursions in subsets of patients stratified by median percent predicted peak VO 2 or by finish time were compared by Wilcoxon signed rank tests. Similarity between metabolites in terms of similar profiles of change across many subjects was assessed by hierarchical clustering. Pearson or Spearman correlation coefficients are reported depending on whether data were normally distributed.
STATA (version 10.0) and SAS version 9.1.3 (SAS Institute) software were used to perform statistical analyses. The authors had full access to and take full responsibility for the integrity of the data. All authors have read and agree to the manuscript as written.
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